Introduction
============

Cylindrical micelles of block copolymers (BCPs) have important applications in drug delivery,[@cit1]--[@cit3] epoxy resin toughening,[@cit4] and templates for hybrid materials.[@cit5] Other applications may be possible if one could control their core/corona structure as well as their length. Various groups have examined AB/AC diblock copolymer blends and ABC triblock copolymers as ways to obtain different core or corona structures.[@cit6]--[@cit11] These micelle structures can be manipulated by changing the blend ratio, the block ratio or the self-assembly protocol. However, it is a challenge to control the micelle length, and cylindrical micelles with broad length distributions are usually obtained.[@cit12]

Recently, crystallization-driven self-assembly (CDSA) has become a powerful strategy to control both the length and the structure of cylindrical micelles.[@cit13]--[@cit24] Like an initiator of living chain polymerization of monomers, a seed micelle with a crystalline core can direct the epitaxial deposition of the newly added BCP unimers (seeded-growth). The length of the cylindrical micelles can be controlled precisely by changing the unimer-to-seed ratio.[@cit16],[@cit20] Moreover, one can manipulate the crystallization kinetics to control the morphology of cylindrical micelles.[@cit25]--[@cit28] For example, in the seeded-growth process, a slow crystallization rate leads to linear micelles, while a rapid crystallization rate can lead to branched micelles.[@cit25] In addition, by sequential addition of unimers bearing different corona chains, block comicelles can be obtained,[@cit19],[@cit20] while simultaneous addition of pairs of different unimers leads to patchy micelles characterized by phase-segregation into nano-sized local patches.[@cit23],[@cit27],[@cit28]

We are interested in developing methodologies to construct well-defined morphologies of cylindrical micelles by manipulating their crystallization behaviour. Several years ago, we discovered that "self-seeding" of BCP micelle crystallites was an effective means to control micelle length.[@cit14],[@cit29],[@cit30] Self-seeding is a phenomenon unique to polymer crystals, which consist of regions of different chain packing order and different crystallinity, and thus a broad range of melting temperatures.[@cit31],[@cit32] Upon heating, the least crystalline domains are the first to melt or dissolve, while the most crystalline domains are the last to survive. These surviving nuclei serve as initiators to direct the crystal growth upon cooling.[@cit32] Our initial examples involved annealing solutions of polyferrocenyldimethylsilane (PFS)-containing BCP micelle fragments (length: ∼50 nm) above an onset temperature, followed by cooling to room temperature.[@cit29],[@cit30] Uniform rod-like micelles were formed, of which the length was sensitive to the annealing temperature (*T*~a~). This strategy has also been extended to other BCPs with other crystallizable blocks, such as polycaprolactone,[@cit21],[@cit33] poly(3-hexylthiophene)[@cit14] and oligo(*p*-phenylenevinylene),[@cit34] and BCPs with a liquid crystalline block.[@cit35]

Although self-seeding is effective for controlling the length of cylindrical micelles, it has not been used for morphology control. Control over morphology in a self-seeding experiment requires an understanding of the factors that affect both the dissolution step upon heating and the growth rate upon cooling. Here we examine the self-seeding behaviour of mixtures of micelle fragments and use kinetic studies of seeded growth to model the regrowth step. Based upon this understanding of the dissolution and regrowth steps, we designed experiments on mixtures of micelle fragments that allow us to control both the length and morphology of the micelles obtained.

Results and discussion
======================

We began by examining the self-seeding behaviour of each type of micelle fragment ([Fig. 1](#fig1){ref-type="fig"}). These include three PFS-*b*-P2VP samples (P2VP = poly(2-vinylpyridine)): PFS~17~-*b*-P2VP~170~ (*L*~0~ = 43 nm), PFS~25~-*b*-P2VP~330~ (*L*~0~ = 49 nm), and PFS~35~-*b*-P2VP~400~ (*L*~0~ = 52 nm) (Chart S1 and Fig. S1 in ESI[†](#fn1){ref-type="fn"}). Typically, aliquots (0.5 mL) of a micelle fragment solution (0.02 mg mL^--1^) in 2-propanol were heated at different temperatures for 30 min and then cooled to room temperature and aged for 1 day (see ESI[†](#fn1){ref-type="fn"}). We recently showed that self-seeding is characterized by a critical dissolution temperature (*T*~c~) corresponding to the temperature at which the initial average micelle length (*L*~0~) doubled upon cooling (to 2*L*~0~).[@cit36] When the annealing temperature *T*~a~ \> *T*~c~, the average length of the micelles (*L*~n~) increased sharply as a function of temperature ([Fig. 1](#fig1){ref-type="fig"} and S2--S6[†](#fn1){ref-type="fn"}). These PFS-*b*-P2VP samples showed very different *T*~c~ values ([Fig. 1b](#fig1){ref-type="fig"}): for PFS~17~-*b*-P2VP~170~, *T*~c~ = 35 °C; for PFS~25~-*b*-P2VP~330~, *T*~c~ = 55 °C; and for PFS~35~-*b*-P2VP~400~, *T*~c~ = 67 °C. The difference in *T*~c~ may be attributed to the difference in PFS length, as the increase in PFS length will decrease its solubility upon heating.

![Self-seeding behaviour of single kinds of micelle fragments. (a) A schematic diagram of the self-seeding process. (b) and (c) show the increase in micelle length as a function of annealing temperature. The fitted curves were calculated as described in [@cit36].](c8sc04705g-f1){#fig1}

Then we examined the self-seeding behaviour of PFS~26~-*b*-PNIPAM~190~ (PNIPAM = poly(*N*-isopropylacrylamide), *L*~0~ = 52 nm) and PFS~26~-*b*-PNIPAM~520~ (*L*~0~ = 50 nm) fragments. As shown in [Fig. 1c](#fig1){ref-type="fig"}, for PFS~26~-*b*-PNIPAM~190~, *T*~c~ = 61 °C; while for PFS~26~-*b*-PNIPAM~520~, *T*~c~ = 65 °C. Although the lengths of PNIPAM block are very different, the *T*~c~ of these two fragments are similar, confirming that the length of PFS block plays a more important role in determining *T*~c~. It is worth noting that there is an upper limit of the annealing temperature for each self-seeding experiment. When the fragments were heated at a temperature above this limit, branched micelles were formed as the solution cooled (Fig. S2--S6[†](#fn1){ref-type="fn"}). The formation of branched structures under these conditions suggests a different dissolution-regrowth mechanism, a topic now under investigation.

On the basis of the above results, we designed self-seeding experiments on micelle fragment mixtures. We initially investigated the self-seeding behaviour of pairs of micelle fragments with similar *T*~c~ values, *i.e.*, PFS~26~-*b*-PNIPAM~190~ (*T*~c~ = 61 °C) and PFS~35~-*b*-P2VP~400~ (*T*~c~ = 67 °C). After annealing this mixture at 40 °C (*i.e.*, *T*~a~ \< *T*~c~), both fragments could be clearly distinguished in TEM images ([Fig. 2a](#fig2){ref-type="fig"} and S7a[†](#fn1){ref-type="fn"}), as the PFS~35~-*b*-P2VP~400~ micelles look darker and thicker than PFS~26~-*b*-PNIPAM~190~ micelles. After annealing at 60 °C, some tadpole-like micelles could be observed ([Fig. 2b](#fig2){ref-type="fig"} and S7b[†](#fn1){ref-type="fn"}) with a thicker PFS~35~-*b*-P2VP~400~ head and a thin PFS~26~-*b*-PNIPAM~190~ tail. When *T*~a~ = 70 °C, patchy micelles were obtained, characterized by local microphase separation between P2VP and PNIPAM chains ([Fig. 2c](#fig2){ref-type="fig"} and S7c[†](#fn1){ref-type="fn"}). Further increase in *T*~a~ resulted in longer patchy comicelles ([Fig. 2d--f](#fig2){ref-type="fig"}, S7d and e[†](#fn1){ref-type="fn"}). Therefore, the length of the patchy comicelles could be controlled by *T*~a~ in the range of 70 to 90 °C ([Fig. 2f](#fig2){ref-type="fig"} and S8[†](#fn1){ref-type="fn"}).

![Self-seeding behaviour of a PFS~26~-*b*-PNIPAM~190~ and PFS~35~-*b*-P2VP~400~ micelle fragment mixture (mass ratio 1 : 1). (a--e) TEM images of the micelles obtained by annealing the mixture at 40 to 90 °C. Arrows in (a) indicate PFS~35~-*b*-P2VP~400~ fragments. Arrows in (b) indicate tadpole-like comicelles. The insets in (c--e) show magnified TEM images. (f) shows the change in comicelle length as a function of *T*~a~. (g) is a schematic diagram of the self-seeding process of the mixture. These structures are further confirmed by selectively staining the P2VP chains with PtNPs (see Fig. S7[†](#fn1){ref-type="fn"}).](c8sc04705g-f2){#fig2}

Since the *T*~c~ values of PFS~26~-*b*-PNIPAM~190~ and PFS~35~-*b*-P2VP~400~ fragments are similar, about half of both fragments simultaneously dissolve into unimers upon heating to *T*~c~, while the rest survive (Fig. S9 and Table S1[†](#fn1){ref-type="fn"}). Upon cooling to room temperature, both unimers add competitively to the surviving fragments. In this step, the growth rates of unimers dominate the morphology of the comicelles. In our previous work, we demonstrated that similar epitaxial growth rates resulted in the formation of patchy comicelles, while significantly dissimilar growth rates led to block comicelles. We also showed that the epitaxial growth rates of PFS~26~-*b*-PNIPAM~190~ and PFS~35~-*b*-P2VP~400~ were similar.[@cit28] Therefore, in the cooling stage of the self-seeding process for this mixture, both unimers, which come from the dissolution of micelle fragments, add to the surviving seeds at similar rates, resulting in the formation of patchy comicelles ([Fig. 2c--e](#fig2){ref-type="fig"}). At higher *T*~a~, more micelle fragments dissolved, leading to fewer seeds and more unimers, and thus longer patchy comicelles.

We then examined the self-seeding behaviour of fragments having similar *T*~c~ values but very different unimer epitaxial growth rates ([Fig. 3](#fig3){ref-type="fig"}). PFS~26~-*b*-PNIPAM~520~ (*T*~c~ = 65 °C) and PFS~35~-*b*-P2VP~400~ (*T*~c~ = 67 °C) micelle fragments have similar *T*~c~ values, but the growth rate of PFS~26~-*b*-PNIPAM~520~ unimer is much slower than that of PFS~35~-*b*-P2VP~400~ unimer.[@cit28] After annealing the solution at 60 °C, both micelle fragments could still be distinguished, and their average length (*L*~n~ = 56 nm) did not change significantly (Fig. S10a[†](#fn1){ref-type="fn"}). However, when the mixture was annealed at 70 to 90 °C, comicelles with a thick middle block flanked by thin tips could be observed (70 °C: *L*~n~ = 81 nm, Fig. S10b;[†](#fn1){ref-type="fn"} 80 °C: *L*~n~ = 210 nm, [Fig. 3a](#fig3){ref-type="fig"}; 90 °C: *L*~n~ = 731 nm, [Fig. 3b](#fig3){ref-type="fig"}). After selectively staining the P2VP chains with platinum nanoparticles (PtNPs), symmetric triblock comicelles with PFS~35~-*b*-P2VP~400~ as the middle block and PFS~26~-*b*-PNIPAM~520~ as the end blocks could be clearly distinguished ([Fig. 3c--d](#fig3){ref-type="fig"} and S10f--h[†](#fn1){ref-type="fn"}).

![Self-seeding behaviour of PFS~26~-*b*-PNIPAM~520~ and PFS~35~-*b*-P2VP~400~ fragment mixtures (mass ratio 1 : 1). (a--d) TEM images of the micelles obtained by annealing the mixture for 30 min at (a and c) 80 °C, and (b and d) 90 °C. (a) and (b) show the comicelles before staining, while (c) and (d) show the comicelles after selectively staining the P2VP block with PtNPs. (e) Schematic diagram of the self-seeding process of the mixture.](c8sc04705g-f3){#fig3}

Upon heating above *T*~c~, both PFS~35~-*b*-P2VP~400~ and PFS~26~-*b*-PNIPAM~520~ fragments dissolved into unimers, which then regrew onto the surviving seeds upon cooling. Since the epitaxial growth rate of PFS~26~-*b*-PNIPAM~520~ is much slower than that of PFS~35~-*b*-P2VP~400~,[@cit28] most of PFS~35~-*b*-P2VP~400~ added onto the seed micelles before PFS~26~-*b*-PNIPAM~520~. After consumption of PFS~35~-*b*-P2VP~400~, the growth of PFS~26~-*b*-PNIPAM~520~ dominated the growth process, resulting in symmetric BAB block comicelles with PFS~35~-*b*-P2VP~400~ as the A blocks and PFS~26~-*b*-PNIPAM~520~ as the B blocks.

Then we carried out self-seeding experiments with mixed fragments having very different *T*~c~, *i.e.*, PFS~17~-*b*-P2VP~170~ (*L*~0~ = 43 nm, *T*~c~ = 35 °C) and PFS~26~-*b*-PNIPAM~190~ fragments (*L*~0~ = 52 nm, *T*~c~ = 61 °C). These two BCP unimers have similar epitaxial growth rates (Fig. S11--S13[†](#fn1){ref-type="fn"}). The large difference in *T*~c~ values (Δ*T*~c~ = 26 °C) makes it possible to manipulate the dissolution sequence of fragments by carefully controlling *T*~a~. [Fig. 4](#fig4){ref-type="fig"} shows the morphology evolution of comicelles as *T*~a~ was increased. No changes could be observed at 30 °C ([Fig. 4a](#fig4){ref-type="fig"}). When *T*~a~ = 40 °C, there are a small fraction of matchstick-like comicelles with a PFS~17~-*b*-P2VP~170~ head (∼28 nm) and a PFS~26~-*b*-PNIPAM~190~ stick (∼55 nm) ([Fig. 4b](#fig4){ref-type="fig"}), along with PFS~17~-*b*-P2VP~170~ and PFS~26~-*b*-PNIPAM~190~ homomicelles. After annealing at 50 and 60 °C, ABA triblock comicelles were formed with PFS~26~-*b*-PNIPAM~190~ as the central B block, flanked by PFS~17~-*b*-P2VP~170~ A blocks ([Fig. 4c and d](#fig4){ref-type="fig"}). Interestingly, further increasing *T*~a~ to 70--80 °C led to patchy comicelles rather than block comicelles ([Fig. 4e and f](#fig4){ref-type="fig"}).

![Self-seeding of a PFS~26~-*b*-PNIPAM~190~ and PFS~17~-*b*-P2VP~170~ fragment mixture (mass ratio 1 : 1). (a--f) TEM images of the micelles obtained by annealing the mixture at 30 to 80 °C. The arrows in (a) indicate the PFS~17~-*b*-P2VP~170~ fragments. The arrow in (b) indicates a PFS~17~-*b*-P2VP~170~ homomicelle. The circles in (b) indicate matchstick-like micelles. The insets in (e and f) show magnified TEM images of patchy comicelles. (g) Schematic diagram of the self-seeding process of the fragment mixture. (h and i) TEM images of the micelles obtained by annealing a mixture of PFS~26~-*b*-PNIPAM~190~ micelles (*L*~n~ = 290 nm) and PFS~17~-*b*-P2VP~170~ fragments (*L*~0~ = 43 nm) at (h) 50 °C and (i) 80 °C. The arrow in (h) indicates a PFS~17~-*b*-P2VP~170~ homomicelle. The P2VP chains were selectively stained with PtNPs.](c8sc04705g-f4){#fig4}

Due to the large difference in *T*~c~ value, the PFS~17~-*b*-P2VP~170~ fragments begin to dissolve at lower temperatures. For example at 40 °C, only 57% of PFS~17~-*b*-P2VP~170~ fragments survive, but 96% of PFS~26~-*b*-PNIPAM~190~ fragments survive (Fig. S9[†](#fn1){ref-type="fn"} and Table S1[†](#fn1){ref-type="fn"}). Upon cooling, the PFS~17~-*b*-P2VP~170~ unimer adds to both PFS~17~-*b*-P2VP~170~ and PFS~26~-*b*-PNIPAM~190~ fragments, leading to the formation of longer PFS~17~-*b*-P2VP~170~ homomicelles (∼79 nm) and heterogeneous PFS~17~-*b*-P2VP~170~/PFS~26~-*b*-PNIPAM~190~ matchstick-like comicelles ([Fig. 4b](#fig4){ref-type="fig"}). Although the length of PFS~17~-*b*-P2VP~170~ homomicelles increased from 43 nm to 79 nm, the length of PFS~26~-*b*-PNIPAM~190~ micelles did not change (∼54 nm, Fig. S14[†](#fn1){ref-type="fn"}). For *T*~a~ = 50 °C, 96% of PFS~26~-*b*-PNIPAM~190~ fragments survive, but only 16% of PFS~17~-*b*-P2VP~170~ fragments persist; whereas at 60 °C, 66% of PFS~26~-*b*-PNIPAM~190~ fragments survive, but only 6% of PFS~17~-*b*-P2VP~170~ fragments remain (Fig. S9[†](#fn1){ref-type="fn"} and Table S1[†](#fn1){ref-type="fn"}). Therefore, most PFS~17~-*b*-P2VP~170~ fragments dissolve to give unimers at 50--60 °C, which then add to the surviving PFS~26~-*b*-PNIPAM~190~ fragments upon cooling, resulting in the formation of block comicelles ([Fig. 4g](#fig4){ref-type="fig"}). At higher *T*~a~, both PFS~17~-*b*-P2VP~170~ and PFS~26~-*b*-PNIPAM~190~ fragments dissolve to form unimers. For example at 80 °C, all of the PFS~17~-*b*-P2VP~170~ fragments dissolve while 8% of PFS~26~-*b*-PNIPAM~190~ fragments survive. After cooling to room temperature, both unimers, which have similar growth rates, simultaneously add to the surviving PFS~26~-*b*-PNIPAM~190~ seeds, resulting in the formation of patchy comicelles ([Fig. 4g](#fig4){ref-type="fig"}).

In order to make the block comicelles shown in [Fig. 4c and d](#fig4){ref-type="fig"} more distinguishable, we conducted a self-seeding experiment at 50 °C with a 1 : 1 mixture of PFS~26~-*b*-PNIPAM~190~ micelles (*L*~n~ = 290 nm, Fig. S15[†](#fn1){ref-type="fn"}) and PFS~17~-*b*-P2VP~170~ fragments (*L*~0~ = 43 nm). As shown in [Fig. 4h](#fig4){ref-type="fig"} and S16,[†](#fn1){ref-type="fn"} ABA triblock comicelles can be clearly visualized, accompanied by a few PFS~17~-*b*-P2VP~170~ homomicelles formed by epitaxial growth on surviving PFS~17~-*b*-P2VP~170~ seeds. Upon heating to 80 °C, most of the long and short micelles dissolved. The competitive growth of both unimers on the surviving seeds led to the formation of patchy comicelles ([Fig. 4i](#fig4){ref-type="fig"}).

Conclusions
===========

In summary, we found that the morphology of core-crystalline cylindrical micelles could be controlled by manipulating the synergistic self-seeding behaviour of micelle fragment mixtures. The morphology of the comicelles is dependent on (1) the dissolution sequence of micelle fragments, and (2) the epitaxial growth rate of the corresponding unimers. By blending two kinds of micelle fragments with similar *T*~c~ values and similar growth rates, patchy micelles with controllable length can be obtained by self-seeding. If the fragments have similar *T*~c~ values but very different growth rates, block comicelles are obtained. On the other hand, if micelle fragments with very different *T*~c~ are blended, the morphology of comicelles can be controlled by varying the annealing temperature. At lower temperatures, block comicelles are obtained; whereas at higher temperatures, patchy comicelles are formed. Thus, by carefully controlling the dissolution and growth sequence of micelle fragments, both the length and morphology of micelles can be varied. This synergistic self-seeding strategy not only offers a convenient route for preparing comicelles with controllable morphology and uniform length, but also provides a platform for studying the synergistic self-seeding behaviour of polymer seed crystallites.
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